Background: Basal-like breast cancer (BLBC) is the most aggressive subtype of breast cancer (BC) and links to poor outcomes. As the molecular mechanism of BLBC has not yet been completely discovered, identification of key pathways and hub genes of this disease is an important way for providing new insights into exploring the mechanisms of BLBC initiation and progression. Objective: The aim of this study was to identify potential gene signatures of the development and progression of the BLBC via bioinformatics analysis.
Introduction
Breast cancer (BC), the most frequent malignant tumor among females, remains one of the most deadly carcinoma worldwide with a high recurrence rate. Tumor heterogeneity of BC has an insufficient therapeutic response with a quarter of patients going through relapse and metastasis. In 2000, five molecular subtypes of BC were proposed based on the differential gene expression profiles, including estrogen receptor-positive luminal A and B, normal breast-like, HER2 overexpressing and basal-like. 1 This new taxonomy became rapidly prevalent for several years until other research studies found an immunohistochemistry technology to replace the chip-based technology 
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Yang et al completely, thereby acting as an important step for a routine diagnosis. Various subtypes of BC represent different biological entities and highly correlate with clinical outcomes. 2 Among such subtypes, basal-like breast cancer (BLBC) comprises approximately 19% of the invasive ductal BC and displays a distinct molecular feature and an unique pattern of metastasis relapse. 2, 3 But until recently, non specific basal-like biomarkers have been proposed in the early detection of BLBC, and most immunohistochemical markers for BLBC diagnosis appear to be too obscure. Hereby, such a phenomenon motivates us to study the molecular mechanism and core pathways in the evolution and progression of BLBC.
Presently, the Cancer Genome Atlas (TCGA) data sets and various BC databases are available online for download. The high-throughput platforms for analysis of DEGs, such as microarrays, are increasingly valued as promising tools in medical oncology with great clinical applications. The evolutionary computation and data mining in bioinformatics were used for drawing the characteristics of BLBC. To date, despite the high number of studies, only very few biomarkers for the diagnosis of BLBC progression have been assessed in different cohorts or using different techniques including microarrays in bioinformatics, yet none of them has been translated into clinical practice. 4, 5 Moreover, the interactions among DEGs, particularly the hub genes in the interaction network of BLBC occurrence and progression, remain unclarified.
In this study, we complied a large number of BC samples deposited in Gene Expression Omnibus (GEO, http://www. ncbi.nlm.nih.gov/geo/), and then DEGs, particularly the hub genes, and core pathways between BC (comparing the basal subtype and the non basal subtype) and matched normal controls were identified by the bioinformatics approach. Additionally, other methods, including Oncomine and Kaplan-Meier plotter analysis, gene ontology (GO)/ Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) pathway analysis, construction of protein-protein interaction (PPI) network and identification of putative molecules, were used to analyze these data and to gain key genes and pathways. The aim of this study was to identify hub genes and core pathways and to show potential candidate biomarkers for diagnosis, survival prediction and drug targets of BLBC.
Materials and methods

Microarray data processing
Microarray raw data were downloaded from the GEO database. The GSE25066 based on GPL96 platform (Affymetrix Human Genome U133A Array) contains 508 BC samples, and the gene expression profiles of GSE21422 containing five healthy breast tissues and five invasive ductal breast carcinoma (IDC) samples were deposited in the GPL6244 platform (Affymetrix Human Gene 1.0 ST Array). The original data were obtained from R, a free software environment for statistical computing and graphics. The raw data files were read with the affy package, and then normalized with the GC Robust Multi-array Average method (gcrma package). The limma method was adopted to identify differentially expressed genes (DEGs) with a fold change of .2 fold, and a P-value cutoff of 0.05 was considered as statistically significant. Subsequently, 508 samples were categorized into five groups using the hierarchical clustering analysis. To screen the intersectional genes significantly expressed in basal subtype, online tool venny2.1 (http://bioinfogp.cnb. csic.es/tools/venny/) was used, and R package Venn diagram was utilized to plot Venn diagrams.
gO and pathway enrichment analysis of Degs
To generally describe the biological characteristics and functional annotation of candidate DEGs, GO and KEGG pathway enrichment analyses were performed online. For investigating the similarity in function and characteristics of DEGs, the online tool DAVID (https://david.ncifcrf.gov/) was used to obtain the enriched KEGG terms. 6 The genes in modules were also analyzed in the same way for enriched KEGG and GO terms related to cancer development and progression. In addition, GSEA was selected to determine whether DEGs show statistical significance in one phenotype or pathway based on the expression profiles. 7 For GSEA analysis, the R package humanid contributed by jimmy was used to process the expression profile and produce the format of .gct and .gmt files. Then, these files were imported into the GSEA software (http://software.broadinstitute.org/gsea/ index.jsp), and the process was run.
PPI network construction and module analysis
To get the PPI network information among the DEGs, we used the Search Tool for Retrieval of the Interacting proteins database (STRINGdb), an R package, which provided an R interface to the STRING PPIs database (http://www. string-db.org) and covered 5,214,234 proteins from 1,133 organisms. 8 Subsequently, the output interaction files were uploaded to the Cytoscape software. The plug-in Molecular Complex Detection (MCODE) was performed to screen the submit your manuscript | www.dovepress.com
Dovepress
1321
Yang et al functional modules within the PPI network. Moreover, hub genes were determined based on the interaction edges in the network. Also, GO and KEGG enrichment analyses were performed in module genes as mentioned earlier.
Verification and survival analysis of putative hub genes
Oncomine is an integrated data-mining platform containing a large cancer microarray database. 9 Farmer's Breast dataset was based on the Human Genome U133A Array and contained 49 samples with various subtypes. The expression profile was used to verify the expression level of hub genes in luminal and basal-like subtypes, and P,0.05 and fold change .2 were considered as statistically significant. The online tool Kaplan-Meier plotter (http://kmplot.com/ analysis/) was used to identify whether the hub genes could predict patients' survival. The Kaplan-Meier plotter database integrated gene expression data with relapse-free and overall survival information from GEO, European Genome-phenome Archive and TCGA, respectively. In all tests, P,0.001 was considered statistically significant.
real-time quantitative Pcr (rT-qPcr)
Total RNA was extracted from BC cell lines or human BC specimens using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). Then, 5 µg of total RNA was reverse transcribed in a 20 µL reaction system, and while completion, it was diluted 10-fold. RT-qPCR was carried out with 20 µL of the reaction mixture (100 ng of cDNA, 2× SYBR green [Takara, Takara Biotechnology Co., Dalian, China], 10 µM of forward and reverse primers, ddH2O) using CFX96 Touch™ (Bio-Rad Laboratories Inc., Hercules, CA, USA) at 95°C for 30 seconds followed by 40 cycles at 95°C for 5 seconds and at 60°C for 60 seconds.
Results
Identification of DEGs in two BC microarrays
A total of 508 BC samples were analyzed to identify DEGs comparing the basal subtype and the non-basal subtype, among which 199 upregulated and 242 downregulated DEGs were identified using P,0.01 and fold change .2 as the criteria. Similarly, by comparing five healthy breast samples with five IDCs, a total of 2,533 DEGs (including 1,148 upregulated and 1,385 downregulated DEGs) related to the development and progression of IDC were identified. After that, those candidate genes were set as a background list to get intersection list of DEGs in BLBC using Venn diagrams; a total of 61 DEGs were commonly shared in those samples, which may take oncogenic or suppressive roles in BLBC progression ( Figure 1A ), and the 61 DEGs are displayed in Table S1 . Meanwhile, the heatmap was plotted to represent the differentially expressed profiles of DEGs within four subtypes ( Figure 1B ).
Kegg pathway and gsea analyses of the candidate Degs
To gain further insights into the function of DEGs, the candidate DEGs between the basal subtype and the non-basal subtype in GSE25066 were uploaded to identify enriched KEGG pathways related to BC. According to the enrichment results, the upregulated DEGs in BLBC were enriched in pathways such as cell cycle, cytokine-cytokine receptor interaction, chemokine signaling pathway, central carbon metabolism signaling and TNF signaling pathway. Besides, the downregulated DEGs were enriched in focal adhesion, metabolism pathway, PI3K-Akt signaling pathway, ECM-receptor interaction and proteoglycans in cancer ( Figure 2A ). Furthermore, stratified GSEA revealed that enrichment of cell cycle, P53 signaling pathway and DNA replication were observed with basal phenotype ( Figure 2B ). Moreover, KEGG analysis of 61 genes with oncogenic or suppressive roles in BLBC was performed, and the results indicated that these pathways and terms were enriched in cell cycle, small cell lung cancer, cytokine-cytokine receptor interaction, toll-like receptor signaling pathway and pathways in cancer significantly ( Figure 2C ). The details of the enriched pathways are shown with the enriched genes listed (Table 1) .
Modules screening from the PPI network
Based on the interaction information of the 61 DEGs, the top 10 hub genes with higher degrees were identified from the PPI network, including CCNB2, BUB1, NDC80, CENPE, KIF2C, TOP2A, MELK, TPX2, CKS2 and KIF20A ( Figure 3A) . The PPI network containing 354 edges was displayed with Cytoscape software, and then two significant modules were obtained from the PPI network using MCODE ( Figure 3B ). The larger module consisted of 24 nodes and 252 edges. Functional annotation of genes in this module was also mainly enriched in the cell cycle pathway according to GO and KEGG analyses, suggesting that genes in this module formed interactive network to control the mitotic process and cell division that might play a crucial role in BLBC progression ( 
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Yang et al degree ( Figure 3B ). Most of the hub genes in module 1 were also hub genes from the whole PPI network, and all the abovementioned identified hub genes and their biological functions are listed in Table S2 .
Verification and survival analysis of putative hub genes
Upon comparing the expression of hub genes in the Oncomine database, it showed that all hub genes were higher in basallike subtype than in luminal subtype, which confirms our model's reliability. Among them, only BUB1, NDC80, TPX2
and TTK met the criterion (fold change .2 and P,0.001) (Figure 4 ). Besides, a large amount of BC samples (n=1,113) into survival analysis were incorporated in the online database. Then, the prognostic value of these was analyzed using the Kaplan-Meier plotter. It showed that the expression of each hub gene was significantly associated with overall survival (P,0.001) ( Figure 5A ). All BC samples were divided into two groups based on the expression levels of whole hub genes, a further indication that the BC patients with higher expression of hub genes were predicted to have a worse prognosis (P=8.3e-5) ( Figure 5B ). In order to make the study more convincing, three luminal subtypes of BC cell lines (MCF-7, T47D and BT474) and three basal subtypes of BC cell lines (MDA231, MDA157 and SUM159) were prepared to investigate whether the expression of hub genes were specifically expressed in BLBC. Four hub genes, BUB1, CCNB2, KIF2C and CDCA8, were confirmed to be higher in basal subtype by RT-qPCR ( Figure 6A ). Moreover, fresh frozen BC specimens from three cases of luminal and three cases of triple-negative breast cancer (TNBC) (sometimes employed as a surrogate for BLBC) were collected to verify the results in clinical samples. Consistently, the expressions of the four hub genes 
Discussion
BC represents a heterogeneous disease with various clinical presentations, treatment responses and subtype-related therapeutic measures. Molecular classification method for BC was achieved a long time ago and recognized worldwide. Meanwhile, we gradually found that various molecular subtypes were associated with distinct metastasis traits and treatment responses, which are useful to predict the survival and guide the administration of clinical drugs. 10 BLBC, similar to the triple-negative BC, represents the most aggressive subtype, which was traditionally distinguished via histopathological observation and immunohistochemistry. 3 Therapies targeting the ER or HER2 would be expected to be failure on BLBC because this subtype typically expresses low or neither of these oncogenes. Some sophisticated definitions for BLBC have been proposed, eg, it expresses some normal myoepithelial cell makers such as cytokeratins (CK5/6, CK14 and CK17), HER1 and c-KIT.
3,11-13 However, those markers are not specific and could not represent the total characteristics of BLBC. In this regard, making use of bioinformatics methods to characterize the BLBC is in urgent need. In the present research, we gained the gene expression profile from the GEO dataset and identified the DEGs in BLBC using bioinformatics analysis. Functional annotation showed that these DEGs were mainly involved in 12, 14 As BC niche contains complex cell components, such as tumorassociated macrophages and cancer associated fibroblasts (CAF), stromal cells in the tumor microenvironment exhibit promoter or suppressor activity on the cancer cell. 15 Many cytokines are involved in this crosstalk. For example, IL-4 and IL-13, pro-inflammatory cytokines, are known to support M2 macrophage polarization, whereas TGF-β recruits and retains macrophages at the tumor site and promotes tumor angiogenesis. 16, 17 Besides, a disturbance in central carbon metabolism indicates an increased carbon flux through the pentose phosphate pathway (PPP), the tricarboxylic acid cycle (TCA) cycle, as well as an increased pyrimidine biosynthesis, which have been recently reported to desensitize pancreatic ductal adenocarcinoma (PDAC) tumors to gemcitabine and promote cancer progression. 18 TNF pathway-related genes are overexpressed in BLBC, indicating that this subtype was conferred to be a phenotype of inflammatory response, like the characteristic of the NF-κb pathway reported previously. 12 In contrast to basal-like type, luminal and HER2 subtypes displayed features of disturbances in focal adhesion, metabolism pathway and PI3K-Akt signaling pathway. In GSEA analysis, cell cycle and DNA replication were significantly enriched as well. Moreover, p53 signaling enlisted, like the previous report, regarding P53 mutation as the main molecule feature of BLBC and triple-negative BC.
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STRING PPIs database is an open database for visualization of protein interactions, by which an interactive network was constructed among the DEGs. Based on how many nodes one protein interacts with, the top 10 hub genes, CCNB2, BUB1, NDC80, CENPE, KIF2C, TOP2A, MELK, TPX2, CKS2 and KIF20A, were identified. Among the hub genes, BUB1 ranked first and exhibited the highest degree of connectivity. BUB1 is a mitotic checkpoint kinase, which accurately regulates the chromosome segregation, its turbulence results in the malignant transformation. Han et al 19 reported that BUB1 maintained the stemness of BC and served to be a target for treatment. Takagi et al 20 also reported that the nuclear BUB1 expression level correlated with Ki67 status and could predict the overall survival of BC patients. Several BUB family genes were key kinases in low-grade luminal BC and were associated with longer-term survival. 21 Our research scope contained only high-grade samples, which indicated that BUB1 might take different roles in diverse phases. Another hub gene, CCNB2, was reported as a BC biomarker with an unfavorable prognosis. The Cox proportional hazards regression analysis in that investigation strongly revealed that cytoplasmic CCNB2 expression was significantly associated with disease-free survival in 80 IBC samples. 22 Nam and van Deursen reported that CCNB2 was overexpressed in human cancers and disturbed the process of cell mitosis and centrosome separation. 23 CDCA8 has been shown to be correlated closely with FOXM1, an oncogenic transcriptional factor involved in BC's progression and invasion, which was also shown in our DEG list. 24 Recently, growing evidence has shown 
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Yang et al Figure 4 The subtype-based expression of hub genes verified in Oncomine databases. Notes: The relative expression of hub genes between basal-like subtype and luminal subtype based on Farmer's dataset. **P,0.01 and ***P,0.001, unpaired Student's t-test.
that CDCA8 participates in many physiological processes of triple-negative cancer, verifying our speculation that CDCA8 is a biomarker for BLBC. NDC80, a kinetochore complex component, was reported to serve as a culprit for aneuploidy and involved in early BC. 25 In the survival plot ( Figure 5) , we found that patients with low expression of NDC80 were more likely to survive in the initial stage, confirming NDC80's role in early stage of BC, whereas in the late stage, patients with low expression of NDC80 are more likely to die. Therefore, further investigation seems to be necessary to clarify underlying links between NDC80 and the initiation and progression of BC. Moreover, gene expression analyses using a large amount of samples indicated that elevated CENPE expression was evident in the basal subtype relative to other subtypes. Kung et al 26 reported that CENPE inhibition hampered the proliferation of cells in vitro and in vivo, providing solid evidence for the role of CENPE in BLBC. Besides, KIF2C, a kinesin family member, is significantly expressed in basal subtype and integrated with PRC1 to form a functional complex promoting the growth of BC. 27 All the abovementioned hub genes are involved in the process of mitosis and the regulation of spindle checkpoint. Much evidence has demonstrated that the abnormal chromosome separation is the reason for the aneuploidy submit your manuscript | www.dovepress.com
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Yang et al and chromosomal instability, which may be involved in the progress of cancer. 28 Interestingly, Pihan et al 29 reported that cancer cell lines had an abnormal mitotic spindle organization and centrosome defects, resulting in abnormal chromosome numbers, whereas the mitotic spindle functioned properly in normal cell lines. As our investigation has shown, defect in mitosis is the major property of BLBC, and a further in-depth understanding of the molecular mechanisms leading submit your manuscript | www.dovepress.com
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Kinesins are a superfamily of motor proteins regulating the mitosis process through an intracellular transport of molecules or organelles. Abnormal expression of kinesins mediates growth defection and drug resistance of BC, partly because of mitotic defects. KIF20A, another kinesin family member in DEG list, was found to be associated with BC patients' survival. 30 TTK is still in dispute. It appears to be associated with a good prognosis in Xu's results and KaplanMeier's plot ( Figure 6 ). 31 However, many investigations indicated that TTK was overexpressed in cancer tissue and associated with a poor prognosis. 25, 32, 33 Maire et al 34 indicated that TTK depletion in TNBC cells induces apoptosis and pointed out TTK as a protein kinase overexpressed in TNBC and an attractive therapeutic target. The abovementioned studies used different research methods and varying scale of specimens, along with different conclusions. Our investigation based on a large amount of cases and bioinformatics methods can help researchers reexamine the data in a new perspective. In the end, the prognostic significance and subtype-based expression of hub genes were evaluated in databases and experiments, verifying that these hub genes from bioinformatics analysis assume a carcinogenic role in progression of BLBC.
Conclusion
The aim of this study was to identify DEGs with comprehensive bioinformatics analysis, provide molecular mechanisms and the potential biomarkers and predict progression of BLBC. Our data may be helpful to more accurately classify patients' subtype and distinguish an aggressive basal-like subtype for clinicians and pathologists. Moreover, this study also indicated that cell cycle dysfunction was the main feature of BLBC and that most of the hub genes were enriched in this pathway, and they were predicted target genes of prognosis in BLBC, especially pointing out that the hub genes could be putative therapeutic targets to treat BLBC. However, further experimental study is required to confirm the function of the identified genes in BLBC.
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Yang et al Phosphorylates proteins on serine, threonine, and tyrosine. Probably associated with cell proliferation. Essential for chromosome alignment by enhancing AURKB activity (via direct cDca8 phosphorylation) at the centromere and for the mitotic checkpoint.
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Abbreviation: cPc, chromosome passenger complex.
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